We analyse the effects of doping Holmium impurities into the full-Heusler ferromagnetic alloy Co 2 MnSi. Experimental results, as well as theoretical calculations within Density Functional Theory in the Local Density Approximation generalized to include Coulomb correlation at the mean field level show that the holmium moment is aligned antiparallely to that of the transition metal atoms. According to the electronic structure calculations, substituting Ho on Co sites introduces a finite density of states in the minority spin gap, while substitution on the Mn sites preserves the half-metallic character.
I. INTRODUCTION
An important class of materials which are intensively studied in the field of spintronics are the so-called half-metallic ferromagnets. These materials are characterized by a metallic electronic structure for one spin channel, whereas, for the opposite spin direction, the Fermi level is situated within an energy gap [1, 2] . From a magnetic point of view, these compounds can be either ferro-or ferrimagnets. Quite generally, theoretical calculations based on the Local-Density Approximation (LDA) predict a perfect spin polarization at the Fermi level.
Antiferromagentic half-metals also exits, although this case is special since no symmetry relation connects spin-up and spin-down directions. The existence of half-metallicity in all three classes of magnetic orderings was predicted by R. A. de Groot and coworkers some years ago [1, 3, 4] . Since then, several possible half-metallic ferromagnetic (HMF) materials have been theoretically investigated by ab initio calculations, and some of them have been synthesized and experimentally studied.
Devices that exploit spin and charge of the electrons should operate at not too low temperatures. Unfortunately many half-metallic systems exhibit a dramatic suppression of spin-polarization well below room temperature [2, 5] . It is therefore important to study and to optimize temperature effects in half-metallic materials. There are several effects potentially responsible for the suppression of spin polarisation at finite temperature that can be taken into account in a theoretical calculation. The competition between hopping and local electron-electron interactions may produce spin disorder, which can be approximated as random intraatomic exchange interactions [6, 7] . These interactions modify the local magnetic moments and influence the spin polarization [8, 9] . The exchange interactions described by a Heisenberg-type Hamiltonian are also frequently used to discuss finite temperature magnetic effects. The sign and magnitude of exchange constants give information whether the spin structure is collinear or not [7, 10, 11] . Note that non-collinearity may be produced also by spin-orbit coupling. All the above mentioned mechanisms may be called spin-mixing effects [5, 12] and they may significantly influence the half-metallic character.
It is important to point out that in all metallic ferromagnets, the interaction between conduction electrons and spin fluctuations determines their physical properties. In halfmetallic ferromagnets the presence of the gap in one of the spin channel determines the absence of spin-flip, or one-magnon scattering processes which modifies considerably the electrons energy spectrum [2, 13, 14] . These electron-magnon interactions occur both in usual ferromagnets and in half-metals, with the difference that for the usual ferromagnets the states around the Fermi level are quasiparticles for both spin directions, while in halfmetals an important role is played by incoherent -non-quasiparticle (NQP) -states [13, 14] .
The origin of these NQP states is connected with spin-polaron processes: the spin-down lowenergy electron excitations, which are forbidden for HMF in the one-particle picture, turn out to be possible as result of superpositions of spin-up electron excitations and virtual magnons [2, [14] [15] [16] . It was demonstrated that these states are important for spin-polarized electron spectroscopy [17] , nuclear magnetic resonance [18] , and subgap transport in ferromagnetsuperconductor junctions (Andreev reflection) [19] . Recently, the density of NQP states has been calculated using an LDA+dynamical mean field theory (DMFT) approach [2, 20] , for several materials such as the semi-Heuslers NiMnSb [21] and (NiFe)MnSb [22] , the full Heuslers Mn 2 VAl [23] and Co 2 MnSi [24] , the zinc-blende CrAs [25] and VAs [26] and the transition metal oxide CrO 2 [27] , demonstrating their importance as the essential mechanism of depolarization in half-metals.
Among the Heusler half-metals, the full-Heusler Co 2 MnSi [28] [29] [30] has been intensively studied experimentally as well as theoretically. This material is interesting as it shows a high Curie temperature and very little crystallographic disorder [31] . We showed that Co 2 MnSi experiences a drastic spin depolarization [24] with increasing temperature. According to our calculations, depolarization is caused by the occurrence of non-quasiparticle states situated just above the Fermi level in the minority spin channel [2, 24] . In order to significantly reduce depolarization a strategy to eliminate the NQP states from the Fermi level is required. In other words, one should try to suppress finite-temperature magnonic excitations while at the same time preserving the minority spin gap. It was suggested that the substitution of a rare-earth (R) element within the Mn sublattice of NiMnSb would introduce gaps in the magnonic spectrum due to the impurity R(4f ) -Mn(3d) coupling, possibly preserving the half-metallic gap [2, 32, 33] . In pure NiMnSb the ferromagnetic Curie temperature T C = 740K is determined by the strength of the Mn-Mn (3d − 3d) coupling [2, 10] . The strength of (3d − 4f ) couplings in NiMn 1−x R x Sb compounds, with R=Nd, Pm, Ho, U was discussed previously [2, 33] . A large 3d − 4f coupling was obtained for the case of Nd substitution, and the weakest coupling was realized in the case of Ho. For all rare-earth substitutions the electronic-structure calculations showed that the half-metallic gap is not affected, and for temperatures smaller than the values of the 3d − 4f couplings, interaction will lock the Mn(3d) magnetic moment fluctuation. As a consequence, it was concluded that Nd substitution is of practical importance for high-temperature applications [2] , while half-metallicity with Ho substitutions would persist up to temperatures of around 4K as predicted by the calculation [32, 33] .
For the case of Co 2 MnSi, preliminary results showed that Ho can enter in the Co 2 MnSi lattice [34] . Recently, Rajanikanth et. al. [35] showed that substituting Co with 1.25at%
Nd results in a single L2 1 phase alloy with a thin layer of Nd-enriched phase boundaries. A suppression of electron-magnon scattering was experimentally observed [35] .
As an ongoing investigation of impurity effects on the depolarization of conduction electrons in Co 2 MnSi based alloy we analyze in this paper the possibility of substituting holmium in both Co or Mn lattice sites, as well as changes introduced in band structure of the parent compound. The first task is to analyze whether holmium can really replace Mn or Co in a Fm3m type structure. Consequently, we prepared samples in which the substitution at both transition metal sites was considered. X-rays and electron microscopy studies were carried out. Finally, the magnetic properties and band structures of the doped compounds were analyzed.
II. PHYSICAL PROPERTIES OF HO-DOPED CO 2 MNSI SAMPLES
The Co 2 Mn 1−x Ho x Si and Co 2−x Ho x MnSi alloys with nominal compositions x = 0.05 and x = 0.1 were prepared by arc melting the constituent elements under purified argon atmosphere. These were remelted several times in order to ensure a good homogeneity.
The alloys were annealed at 900 o C for 12 days. The X-ray analyses were performed by using a Brucker V8 diffractometer. Rietveld refinements were made by using the Topas code. Electron microscope studies were performed by using a JEOL type equipment. The compositions of the samples and distributions of the constituent elements were analysed.
Magnetic measurements were made with an Oxford Instruments type equipment in fields up to 5 T and in the temperature range 4.2-1000 K.
A. Experimental results
The refined X-ray diffraction (XRD) spectra of Co 2 Mn 1−x Ho x Si samples with x = 0.05 and x = 0.1 are plotted in Fig.1 . The same type of spectra were obtained when Ho substitutes Co. The alloys crystallize in a cubic structure having F m3m space group. As seen from Table I, On the other hand, in the case of Co 2−x Ho x MnSi samples there is a decrease of both cobalt and manganese content as compared to expected compositions, suggesting that holmium can occupy both these sites. The distribution of holmium atoms in the samples was also analysed.
As example, we show in Figs.2c,d the SEM patterns of two manganese substituted samples.
A random distribution can be seen, with no clustering effects.
The magnetizations isotherms, at 4.2K, are shown in Fig. 3 . The determined saturation magnetizations, M , per formula unit are given in Table II . The M values are smaller than the ones measured in Co 2 MnSi, namely 5µ B [36] , and decrease when increasing holmium content. This suggests that the holmium moments are antiparallely oriented to the cobalt and manganese ones. Therefore, the magnetization measurements are in agreement with the result of structural and compositional analysis and confirm that holmium atoms occupy lattice sites, and that their moment is antiparallely oriented to cobalt and manganese ones. Table I .
B. Electronic Structure of Ho doped Co 2 MnSi
To compute the electronic structure we used the standard representation of the L2 1 structure with four inter-penetrating fcc sub-lattices. The atomic positions are (0, 0, 0) for Co1,
(1/2, 1/2, 1/2) for Co2, and (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4) for Mn and Si, respectively.
We note that the Co1 and Co2 sites are equivalent. We used the experimental lattice constant a = 5.65Å and the linear muffin-tin orbital method (LMTO) [37] extended to include the mean-field Hubbard +U approximation (LDA+U) [38] . It is generally known that the LDA+U method applied to metallic compounds containing rare-earth elements, gives a qualitative improvement compared with the LDA not only for excited-state properties such as energy gaps but also for ground-state properties such as magnetic moments and interatomic exchange parameters. Therefore it is expected that it will provide a correct description for the narrow Ho(4f ) states, the minority spin gap and the 3d − 4f coupling in the Ho doped
The origin of the minority band gap in the full Heusler alloy was discussed by Galanakis et al. [39] . Based on the LDA band-structure calculations for the undoped Co 2 MnSi, it was
shown that Co1 and Co2 couple forming bonding/anti-bonding hybrids. The Co1(t 2g /e g ) -Co2(t 2g /e g ) hybrid bonding orbitals hybridize with the Mn(t 2g /e g ) manifold, while the Co-Co hybrid anti-bonding orbitals remain uncoupled due to their symmetry. The Fermi energy is situated within the minority spin gap formed by the triply degenerate anti-bonding Co-Co(t 2g ) and the double degenerate anti-bonding Co-Co(e g ) (Fig. 4) . Due to the orbitals occupation, the majority spin channel has a metallic character, with a small density of states at the Fermi level. In agreement with previous [10, 11, 39, 40] calculations, an integer total spin magnetic moment of 5.00µ B , and a minority spin gap of magnitude 0.42eV is obtained.
The behavior of the magnetic moment as a function of temperature in undoped Co 2 MnSi was discussed in the framework of the LDA+DMFT method [24] . Both magnetisation and spin polarisation decrease with increasing temperature, although the latter decreases much faster. Above the Fermi level, non-quasiparticle (NQP) states [2, [14] [15] [16] are present, which influence significantly the finite temperature properties [24] . 
Here, σ the parallel E P and the antiparallel E AP configuration. In this way, we obtain a value of J ≃ 88K. In analysing the behaviour of exchange constants in Co 2 MnSi, it was recently pointed out that Co-Mn interactions are responsible for the stability of the ferromagnetism [10, 11] , in particular the main exchange parameter corresponds to the nearest-neighbour Co1-Mn interaction which already gives 70% of the of the total contribution to J being about ten times larger than the Co-Co and Mn-Mn interactions [40, 42] . For the small Ho content in the Co 2 MnSi, it is shown experimentally , see table Tab.I, that the ferromagnetic Curie temperature is not significantly reduced, so one can conclude that the Co1-Mn interaction is not considerably affected, and in particular this interaction dominates over the 3d − 4f coupling.
The resulting total magnetic moments of the supercell, taking into account orbital Ho moments as well, were 26.09µ B and 45.91µ B for antiparallel and parallel orientations of Ho with respect to the Mn and Co moments, respectively.
As shown in Ref. [39] and briefly described above (Fig. 4) , the minority gap is formed by the triply degenerate Co-Co anti-bonding t 2g and the double degenerate Co-Co anti-bonding e g . Thus, it is expected that a substitution in the Co sublattice would have a stronger effect on the electronic structure than the substitution in the Mn sublattice, described above. Ho/Co1 = 41.87µ B per supercell. Also in this case, the antiparallel configuration is the most stable one, in agreement with the magnetic measurements discussed above. An interesting aspect is that, in contrast to the case of substitution at the Mn site, substitution at Co sites fills the minority-spin gap, as can be seen in Fig. 8 . Notice that Ho(4f ) and (5d) states shown in Fig. 8 were multiplied by ten in order to evidence possible hybridization effects. As one can see (Fig. 8) 
III. CONCLUSION
The behavior of spin polarization as a function of temperature is an important issue for many spintronic materials. In our recent paper [24] , we interpreted the measured drastic depolarization in Co 2 MnSi as due to the existence of non-quasiparticle states just above the Fermi level. Since the origin of these states is related to the electron-magnon interaction, a possibility to reduce this depolarisation effect would be to quench the magnon excitations, while keeping the minority spin channel gapped. This possibility was already discussed in connection to light-rare earth (Nd) insertion into the host Co 2 MnSi [35] , supporting the validity of the proposed scenario. In the present work, we first demonstrate experimentally the possibility that a heavy rare-earth element (Ho) enters into the transition-metal sublattices in Co 2 MnSi. In addition, we carried out an electronic-structure calculation whose results suggest that the half-metallicity is maintained when Ho replace Mn atom in an anti-parallel magnetic Ho(4f)-Mn(3d) configuration. Since the calculated exchange coupling J turns out to be about 88K, we expect that for temperatures smaller than J such a substitution could in principle influence the magnonic excitations, while at the same time leaving the halfmetallic gap unchanged. On the other hand, our results show that when the substitution takes place at Co sites, the minority-spin gap is filled, and half-metallicity is lost.
The present calculations does not take into account relaxation effects which might appear as a result of substitution. This will constitute the subject of future investigations. Dynamic correlation effects are also expected to be important. In particular, it would be interesting to investigate up to which extent magnonic excitations and electron-magnon interactions are affected by Ho substitution. We plan to investigate this effect in the future. supercell, in the parallel and anti-parallel configurations, where Ho is substituted into Co1 lattice sites. The Ho-4f and -5d states are magnified by a factor of ten in order to evidence hybridzation effects. The minority-spin gap is closed due to the Co 3d (e g )-Ho 5d (e g ) anti-bounding coupling which pushes the Fermi level within the conduction band.
